Abstract. Cisplatin (cis-diamminedichloroplatinum II, CDDP) is one of the most effective chemotherapeutic agents and is widely used in the treatment of solid tumors. However, its side effects and acquired resistance gained during the course of treatment may limit its usage. It is generally considered to be a cytotoxic drug that kills cancer cells by damaging their DNA and inhibiting DNA synthesis to induce apoptosis via the mitochondrial death pathway or through plasma membrane disruption, triggering the Fas death receptor pathway. The endoplasmic reticulum (ER) is one of the most important protein-folding compartments within the cell and an intracellular Ca 2+ storage organelle. The ER contains a number of molecular chaperones, which may play an important role in determining cellular sensitivity to ER stress and apoptosis. The aim of this review was to summarize our current understanding regarding the mechanisms of ER stress response by which cisplatin induces cell death and the basis for cisplatin resistance. Various aspects were addressed, including the two-way regulation of ER stress, the involvement of ER stress in cisplatin-induced cell death and drug resistance and the drugs enhancing cisplatin-induced cell death by interfering with ER stress. An understanding of how ER stress signaling pathways regulate cisplatin-induced cell death may enable the development of more effective therapeutic strategies for the treatment of cancer.
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Introduction
Cisplatin (cis-diamminedichloroplatinum II, CDDP) is one of the most effective chemotherapeutic agents and is widely used in the treatment of solid tumors. However, the side effects and drug resistance during the course of the treatment may limit its usage (1) (2) (3) . It is generally considered as a cytotoxic drug that kills cancer cells by damaging their DNA and inhibiting DNA synthesis. Cisplatin-induced DNA damage activates various signaling pathways to prevent or promote cell death, predominantly via apoptosis (4) . It was recently demonstrated that cisplatin may induce endoplasmic reticulum stress (ER stress) and non-nucleus-dependent apoptotic signal activation (5) (6) (7) . Currently, the ER is considered to be involved in cisplatin-induced tumor cell death as a cell stress signaling receptor. The aim of this review was to investigate the mechanisms of ER stress during cisplatin chemotherapy and assess the possibility of promoting the chemotherapeutic effects of cisplatin by targeting ER stress.
ER stress has a two-way regulation of maintaining cell survival or triggering cell death
The ER is an organelle with crucial biosynthetic and signaling functions in eukaryotic cells. These processes are facilitated and monitored by several resident chaperone molecules and Ca 2+ -binding proteins, including glucose-regulated proteins, such as 78 kDa glucose-regulated protein (GRP78) or immunoglobulin heavy-chain-binding protein (BiP), calreticulin and calnexin, as well as several folding enzymes, such as the thioredoxin-like protein disulfide isomerase (PDI). Various physiological and pathological conditions, including hypoxia, ER Ca 2+ depletion, oxidative injury, high-fat diet, hypoglycemia and viral infections, may cause an imbalance between ER protein-folding load and capacity, leading to the accumulation of unfolded proteins in the ER lumen and resulting in 'ER stress'. ER stress is a key reaction in the cell's A new strategy of promoting cisplatin chemotherapeutic efficiency by targeting endoplasmic reticulum stress (Review)
response to environmental factors and triggers the unfolded protein reaction (UPR); UPR involves the ER molecular chaperone GRP78̸BiP, the ER stress sensor protein PKR-like ER kinase (PERK), the inositol-requiring enzyme 1 (IRE-1) and the activating transcription factor 6 (ATF6), as well as their downstream signaling pathways (8) . A moderate UPR activation possesses an anti-apoptotic role that enhances tumor cell survival and imparts drug resistance; however, severe UPR activation leads to apoptosis. The IRE-1 and PERK pathways in the UPR system are key signal transduction pathways in ER stress-induced cell autophagy, apoptosis and in complicated regulatory networks (9) . UPR in solid tumors inhibits the majority of translation processes, reduces the processing protein burden in the ER and upregulates the molecular chaperones GRP78̸BiP and GRP94, in order to increase the ER protein-folding capacity by the PERK̸eukaryotic translation initiation factor 2 α (eIF2α), IRE-1 and activating transcription factor 6 (ATF6) pathways. Eventually, proteins that are not correctly folded are degraded by relevant protein degradation pathways (proteasome and autophagy), or induce cell apoptosis by activating downstream apoptotic signaling molecules, such as CCAAT/enhancer-binding protein homologous protein (CHOP)/GADD153, c-Jun N-terminal kinase (JNK), caspases and the Bcl-2 family (10). IRE-1 may be combined with TNF receptor-associated factor 2 (TRAF2) during ER stress activation, which enhances JNK signal transduction activation. Initially, JNK activation triggers cell autophagy and continuous activation of JNK leads to irreversible cell apoptosis. While eIF2α in the PERK signal transduction pathway is phosphorylated, the expression of autophagy-related protein (Atg) 12 increases with Atg5-Atg12-Atg16 complex formation, which activates microtubule-associated protein 1 light chain 3 translocation to induce autophagy. PERK may also induce apoptosis by upregulating ATF4 and CHOP to activate the caspase cascade reaction (11) .
A number of components that are involved in the execution of ER stress enhance cell survival and also trigger cell death. A common characteristic of these components is possessing regulatory functions involving several signal transduction pathways (12) (13) (14) . The primary role of the ER stress response is to protect cells under stress by reestablishing homeostasis or attenuating damaging effects. The key regulator of this reverse procedure is GRP78, which is a calcium-binding protein that is mainly located in the ER. GRP78 is a chaperone molecule in protein-folding, which regulates three principle signaling pathways from transmembrane proteins of the ER (15) . It is difficult to detect GRP78 in normal cells, as it is usually expressed following stimulation of ER stress. However, sustained high levels of GRP78 may be detected in several tumors (16, 17) . Clinical studies demonstrated that the expression of GRP78 is upregulated in numerous types of malignant tumors, including lung, hepatic and breast cancer. Empirical studies proved that GRP78 is able to maintain ER calcium homeostasis, inhibit caspase-7 activation, bind to ER-targeting cell apoptosis protein BIK and prevent its activation, and thus inhibit chemotherapeutic-induced apoptosis through several pathways, causing chemotherapeutic resistance in tumors (18, 19) . This phenotype indicates that tumor cells continually execute responses against chronic stress of harmful conditions and that metabolic changes in tumor cells may result in sustained changes (17) . GRP78 inhibits proapoptotic pathways and its increased expression in tumor cells enhances chemotherapeutic resistance, which may be associated with an unfavorable prognosis (15). Wang et al (20) observed an association between high expression of GRP78 and resistance to etoposide, adriamycin, vincristine and topotecan in lung cancer cells, indicating that GRP78 is crucial in regulating chemotherapeutic potency and drug resistance (20) .
The sustaining ability of the ER stress response is not limitless. When ER stress becomes more severe, this system switches to proapoptotic regulation, which triggers cell death even in the presence of high levels of GRP78. The key factor in this phenomenon is the transcription factor CHOP. The increased expression of CHOP induces the transcription of various genes to induce activation of the proapoptotic process, which involves inhibition of Bcl-2 and stimulation of death receptor 5, activation of caspases, integration of mitochondrial events and amplification of death signals (21).
ER stress is involved in cisplatin-induced cell death and is associated with its toxicity and side effects
Cisplatin may induce apoptosis via ER stress signaling. It was reported that cisplatin induced apoptotic signaling independently of DNA damage in enucleated cells. In these cells, cisplatin-induced caspase-3 activation requires Ca 2+ and Ca 2+ -dependent calpain protease. The activation of calpain was associated with ER stress, indicating that ER was the cytoplasmic target organelle of cisplatin. In intact cells, cisplatin was shown to induce calpain-dependent activation of the ER-specific caspase-12 and upregulate the expression of another ER stress marker, GRP78 (5) . Another study demonstrated similar results, in which the cleavage of procaspase-12 led to the activation of caspase-9 and caspase-3 in cisplatin-treated LLC-PK1 cells. In that same study, pretreatment with caspase-9 inhibitors did not decrease the activation of caspase-3 and exerted no obvious protective effects. However, treatment with anti-caspase-12 antibody significantly decreased cisplatin-induced apoptosis, indicating that caspase-12 plays an important role in cisplatin-induced apoptosis (6) . Cisplatin was also shown to induce apoptosis in enucleated mouse kidney proximal tubule cells (22) . The authors of that study observed that cisplatin may induce cell death by cytoplasmic signaling, which was independent of the regulation of the nucleus, but partially regulated by the cyclin-dependent kinase 2 (Cdk2)-E2F1 pathway. The cytoplasmic locations of Cdk2 are the ER and the Golgi complex. Specific inhibition of Cdk2 blocked ER stress and provided protection. Those findings demonstrated that the cytotoxicity of cisplatin may be precipitated by cytoplasmic events and that cytoplasmic Cdk2 is crucial in cisplatin-induced apoptotic signaling.
The upregulation of the ER stress marker GRP78 was reported to be associated with the sensitivity to platinum-class drugs. Exposure to 2-deoxyglucose, which induces the upregulation of UPR/GRP78, followed by cisplatin treatment, demonstrated that cisplatin enhanced the mitochondria-mediated apoptosis cascade through the activation of caspase-2 and the downregulation of the expression of DNA damage-repairing genes (23) . In our previous studies, we demonstrated that cisplatin treatment induced significant ER stress, upregulation of GRP78, PDI and CHOP and activation of caspase-4 in various cancer cell lines, indicating that cisplatin may induce apoptosis through the ER stress pathway (24, 25) .
ER stress is involved in cisplatin nephrotoxicity, ototoxicity and myocardial damage. Following cisplatin treatment, the expression of the ER stress markers X-box binding protein 1, GRP78 and GRP94 was upregulated and activation of the ER-mediated cell death markers caspase-12 and calpain was observed in rat kidney tissue. Furthermore, the expression of the cleavage products of caspase-12 were increased in vivo. Those results demonstrated that cisplatin nephrotoxicity is associated with ER stress and ER-mediated cell death markers (26) . Pre-activation of ER stress exerted a protective effect following cisplatin administration in various renal cell lines. It was demonstrated that pretreatment with tunicamycin (TUNI) or oxidized dithiothreitol significantly decreased cisplatin cytotoxicity, indicating that ER stress pre-activation provides protection against cisplatin nephrotoxicity in various cell lines, although there were differences in quality and quantity among the cell lines (27) . It was reported that the activation of eIF2α, which is downstream of the ER stress apoptotic pathway and regulates ATF4, CHOP and caspase-12, -9 and -3, may be involved in cisplatin-induced nephrotoxicity (28) . Injection of recombinant human erythropoietin (rHuEPO) was shown to enhance the recovery from cisplatin-induced acute kidney injury (AKI) in rats by relieving renal functional impairment and exerting significant anti-apoptotic effects. However, rHuEPO inhibited cisplatin-induced AKI through a mechanism possibly involving phosphatidylinositol-3 kinase̸Akt activation and inhibition of ER stress-mediated apoptosis (29) .
It was demonstrated that cisplatin ototoxicity is also associated with ER stress proteins. In cochlear cells obtained from P3 rats, the two-dimensional difference gel electrophoresis and the matrix-assisted laser desorption time-of-flight analysis demonstrated that the expression of the cisplatin-induced heat shock 70 kDa protein 5 (HSPA5, GRP78), an ER molecular chaperone participating in the ER stress response, was decreased by 1.7-fold. These changes were concordant with the phosphorylation of GRP58, another ER stress-induced protein (30) .
Treatment of C57 mice with cisplatin led to aberrations in myocardial contraction reflected by a decrease in the left ventricular developed pressure (LVDP) and the first derivative of LVDP (±dP/dt). Furthermore, that study revealed that cisplatin treatment induced the ER stress response, the caspase-3 activity was increased and the mitochondrial ultrastructure was altered. Those results indicated that cisplatin is associated with cardiovascular toxicity, which is associated with mitochondrial dysfunction, ER stress and apoptosis (31).
The prosurvival role of ER stress causes cisplatin drug resistance
The H460et and A549et human lung cancer cell lines were reported to be ER stress-tolerant. Moreover, these cells are cisplatin-resistant. Compared to the parental cells, H460et and A549et cells led to significant GRP78 upregulation and high levels of phospho-Akt, indicating that cisplatin resistance was associated with ER stress and Akt activation (32) . It was also reported that gene silencing of N-ethylmaleimide-sensitive factor attachment protein α (NAPA), which is involved in protein transfer in the ER, rendered tumor cells sensitive to cisplatin and overcame drug resistance in vitro and in vivo (33) . By contrast, the overexpression of NAPA increased cisplatin resistance by downregulating cisplatin-induced ER stress and apoptosis.
It was reported that ER stress induction significantly decreased the cisplatin-induced apoptotic rate in gastric cancer cells. The induction of ER stress activated p38 and the inhibition of p38 hampered the apoptosis tolerance mediated by cisplatin-induced ER stress (34) . Namely, cisplatin resistance was obtained through the ER stress response in gastric cancer cells and this resistance was overcome by p38 activity inhibition. That finding indicated that ER stress induced by cisplatin exerts a protective effect against apoptosis through p38 mitogen-activated protein kinase (MAPK) signaling. In hepatocellular carcinoma cells, the UPR triggered by ER stress was shown to inhibit cisplatin-induced apoptosis (35) . Furthermore, moderate ER stress pre-activation of these cells inhibited their sensitivity to cisplatin-induced apoptosis.
We recently demonstrated a critical role for the ubiquitin-binding protein p62/SQSTM1 in cisplatin resistance in human ovarian cancer cells (HOCCs) (25) . Specifically, we observed that cisplatin-resistant SKOV3/DDP cells expressed significantly higher levels of p62 compared to those expressed by cisplatin-sensitive SKOV3 cells. In SKOV3/DDP cells, p62 binds ubiquitinated proteins for transport to autophagic degradation, reducing apoptosis induced by ER stress. The knockdown of p62 or inhibition of autophagy using 3-methyladenine (3-MA) was shown to resensitize SKOV3/DDP cells to cisplatin. Our data indicated that p62 acts as a receptor or an adaptor for autophagic degradation of ubiquitinated proteins and plays an important role in preventing ER stress-induced apoptosis, leading to cisplatin resistance in HOCCs.
Interference of ER stress may enhance cisplatin-induced tumor cell death
Over the last few years, it was demonstrated that certain drugs may enhance the cell-killing effect of cisplatin by interfering with ER stress. Several of these drugs are listed below.
O6-benzylguanine (O6-BG) enhanced cisplatin cytotoxicity and apoptosis in SKOV3x ovarian cancer cells and head and neck cancer cell lines. It was demonstrated that cisplatin combined with O6-BG affects two targets: DNA and ER. O6-BG enhanced cisplatin cytotoxicity and O6-BG treatment leads to more severe cisplatin-induced DNA damage. The evaluation of the effect of cisplatin treatment on ER revealed an augmentation of caspase-12 cleavage in SQ20b and SKOV3x cells. GADD153, an ER stress response gene, was upregulated following a combination treatment with cisplatin and O6-BG, compared to cisplatin alone in SQ20b and SKOV3x cells. ER stress-induced apoptosis was one of the mechanisms underlying O6-BG-enhanced cisplatin activity. In SQ20b cells, treatment with salubrinal, which inhibits ER stress, or with GADD153 small interfering RNA, eliminated O6-BG-enhanced cisplatin cytotoxicity and apoptosis through the attenuated cleavage of caspase-3 and caspase-12. Those data indicated that GADD153 upregulation plays a significant role in O6-BG-enhanced cisplatin cytotoxicity and apoptosis (36) .
Bortezomib (PS-341, Velcade) is a proteasome-selective inhibitor and is currently only used for experimental therapy of solid malignant tumors. It was demonstrated that bortezomib induced ER stress and simultaneously inhibited UPR in a pancreatic cancer cell model. Furthermore, that study demonstrated that bortezomib enhanced classic ER stress inducers (TUNI and thapsigargin) that trigger apoptosis in a JNK-dependent manner. Furthermore, that study demonstrated that cisplatin stimulates ER stress and, in combination with bortezomib, leads to increased ER dilation, increased intracellular Ca 2+ levels and cell death. Bortezomib combined with cisplatin treatment induced JNK activation and apoptosis, resulting in bortezomib-enhanced pancreatic cancer cell sensitivity to ER stress-induced apoptosis. Bortezomib potently enhanced the cisplatin antitumor activity (37) .
Compared to the ER stress inducer thapsigargin, the histone acetyltransferase inhibitor suberoylanilide hydroxamic acid (SAHA) was shown to enhance cisplatin-induced apoptosis in oral squamous cell cancer (OSCC) cells via ER stress. SAHA increased cisplatin cytotoxicity through ER stress-induced apoptosis. Cisplatin/SAHA treatment effectively induced apoptosis in HSC-3 cells (OSCC cell line), with a significant increase in caspase-4 and caspase-12 activity. SAHA treatment alone rapidly induced sustained eIF2α phosphorylation. The eIF2α dephosphorylation inhibitor salubrinal inhibited ER stress, which eliminated SAHA-enhanced cisplatin cytotoxicity. The level of phosphorylated Akt was decreased in SAHA-treated cells, which correlated with an increase in the activity of protein phosphatase 1 (PP1). Those results indicated that the upregulation of ER stress-specific events is one of the mechanisms of SAHA-enhanced cisplatin-induced apoptosis and that PP1 upregulation leading to Akt dephosphorylation plays an important role in SAHA-enhanced cisplatin-induced apoptosis (38) .
Cryptotanshinone, which has been identified as an effective ER stress inducer leading to apoptosis in various tumor cell lines, including HepG2 hepatic cancer and MCF7 breast cancer cell lines, enhances cisplatin cytotoxicity by promoting ER stress-induced apoptosis. MAPKs function as mediators in this process. Reactive oxygen species generated by cryptotanshinone play an important role in ER stress-induced apoptosis. Cryptotanshinone may enhance the effect of certain anticancer drugs, including cisplatin, through ER stress (39) .
Moreover, we demonstrated that cisplatin treatment induces ER stress, apoptosis and autophagy in HeLa human cervical cancer cells. Autophagy efficiently transports cisplatin-induced misfolded proteins for degradation, allowing cells to escape ER stress-mediated apoptosis and the mitochondrial apoptotic pathway, thus maintaining cell homeostasis and survival. The inhibition of autophagy using 3-MA or chloroquine increased intracellular misfolded proteins, which enhanced cellular apoptosis. Furthermore, we observed that the ER stress inducer TUNI augmented cisplatin cytotoxicity by increasing ER stress-mediated apoptosis. In addition, autophagy blockage or ER stress elevation increased the sensitivity of HeLa cells to cisplatin. Autophagy inhibition or ER stress induction may represent therapeutic targets for the improvement of cisplatin efficacy (24) .
It was recently demonstrated that ER stress signaling regulates the switch between autophagy and apoptosis in cisplatin treatment. The use of multi-disciplinary methods to investigate the correlation between autophagy and apoptosis in NRE-52E kidney cells treated with cisplatin revealed that there are two cisplatin-sensitive thresholds determining the occurrence of autophagy or apoptosis: 10 µM of cisplatin activated autophagy, maintaining cell survival, whereas 3-MA treatment simultaneously affected cell viability and induced apoptosis. On the contrary, 50 µM of cisplatin led to apoptosis and cell death. Pretreatment with taurine rescued cells by delaying apoptosis and sustaining autophagy. Therefore, autophagy protects NRK-52E cells from cisplatin injury. The investigation of ER-specific markers, such as GRP78, GRP94 and GADD153̸CHOP revealed that ER stress signaling may play a central role in the crosstalk between cisplatin-induced autophagy and apoptosis (40).
Conclusions
The regulation of survival promotion and death induction through ER stress signaling during cisplatin treatment in tumor cells was previously demonstrated. Based on those data, several research teams proceeded to experimental therapeutic studies and acquired primary results, which indicated the potential application of this research field in tumor chemotherapy. Investigators are currently attempting to increase the chemotherapeutic effect or overcome the resistance to cisplatin by deciphering the complex network of ER stress. The in-depth comprehension of the precise mechanism underlying the regulation of autophagy and apoptosis through ER stress response signaling in different cells treated with cisplatin may help enhance the clinical effect of cisplatin, reduce the side effects and overcome therapeutic drug resistance, establishing a novel application of this traditional chemotherapeutic agent.
